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We have studied the spin orbit torque (SOT) in Pt/Co/Ir multilayers with 3 repeats of the unit
structure. As the system exhibits oscillatory interlayer exchange coupling (IEC) with varying Ir
layer thickness, we compare the SOT of films when the Co layers are coupled ferromagnetically and
antiferromagnetically. SOT is evaluated using current induced shift of the anomalous Hall resistance
hysteresis loops. A relatively thick Pt layer, serving as a seed layer to the multilayer, is used to
generate spin current via the spin Hall effect. In the absence of antiferromagnetic coupling, the
SOT is constant against the applied current density and the corresponding spin torque efficiency
(i.e. the effective spin Hall angle) is ∼0.09, in agreement with previous reports. In contrast, for films
with antiferromagnetic coupling, the SOT increases with the applied current density and eventually
saturates. The SOT at saturation is a factor of ∼15 larger than that without the antiferromagnetic
coupling. The spin torque efficiency is ∼5 times larger if we assume the net total magnetization is
reduced by a factor of 3 due to the antiferromagnetic coupling. Model calculations based on the
Landau Lifshitz Gilbert equation show that the presence of antiferromagnetic coupling can increase
the SOT but the degree of enhancement is limited, in this case, to a factor of 1.2-1.4. We thus
consider there are other sources of SOT, possibly at the interfaces, which may account for the
highly efficient SOT in the uncompensated synthetic anti-ferromagnet (SAF) multilayers.
I. INTRODUCTION
Spin orbit torque (SOT)[1] is considered as a viable
means to manipulate magnetization of thin magnetic lay-
ers for next generation magnetic random access memo-
ries (MRAM)[2]. Bilayers consisting of a non-magnetic
metal (NM) and a ferromagnetic metal (FM) are widely
used as a prototype[3, 4] to demonstrate the feasibility
of SOT technologies. The spin torque efficiency is often
defined as a parameter that characterizes both the de-
gree of spin current generated from the NM layer and
the effectiveness of the spin current to exert spin torque
on the magnetic moments of the FM layer. For a spin
transparent NM/FM interface, the spin torque efficiency
is equivalent to the spin Hall angle of the NM layer.
To improve the spin torque efficiency, significant ef-
fort has been put forward to explore materials with large
spin Hall angle. Beyond the 5d transition metals, re-
cent studies have shown that topological insulators[5, 6],
van der Waals materials[7] and antiferromagnets exhibit
large spin torque efficiency. In particular, antiferromag-
netic materials are attracting interest as an efficient spin
current source which are readily accessible[8, 9]. Recent
experiments have demonstrated current controlled mag-
netization switching of ferromagnetic layer using anti-
ferromagnetic thin films as the spin current source[10].
In addition to the conventional intrinsic and extrinsic
spin Hall effects, antiferromagnetic materials may have
additional means to generate spin current due to their
unique magnetic structure[11, 12]. The large anomalous
Hall effect[13, 14] and the spin Hall effect[9] in chiral an-
tiferromagnets are known as a consequence of electrons
acquiring Berry’s phase as they travel through the mag-
netic texture.
Collinear antiferromagnets[15] can be designed by
means of interlayer exchange coupling (IEC) of thin fer-
romagnetic layers[16]. As the net magnetic moment can
be reduced to near zero, such synthetic anti-ferromagnets
(SAF) play an essential role in modern MRAM technolo-
gies: they are typically used as the magnetic reference
layer owing to their negligible stray field[17]. The small
net magnetization is also attractive with regard to their
use as the information recording layer (i.e. free layer).
As the current needed to control the magnetization di-
rection of the free layer scales with its saturation mag-
netization MS, smaller MS is desirable for low power op-
eration provided that one can keep the thermal stability
factor sufficiently high. Recent studies have shown that
the efficiency to manipulate the magnetization direction
of ferrimagnets or synthetic antiferromagnets using spin
orbit torques can be significantly increased when the net
magnetization, or the net angular momentum, of such
magnets is reduced to near zero[18–23]. Similarly, the
velocity of magnetic domain walls driven by field[24] or
current[25, 26] can be enhanced when the net angular
momentum or magnetization is minimized.
Here we compare spin orbit torque switching of
Pt/Co/Ir multilayers with ferromagnetic and antiferro-
magnetic interlayer exchange coupling. We use multi-
layers consisting of three repeats of the unit structure
Pt/Co/Ir: the film is an uncompensated SAF with a non-
zero net magnetization if the three Co layers are coupled
antiferromagnetically. A relatively thick Pt layer, serv-
ing as a seed layer to the multilayer, is used to generate
2spin current via the spin Hall effect. The SOT of the
uncompensated SAF is nearly 15 times larger than that
when the Co layers are coupled ferromagnetically. The
spin torque efficiency is ∼5 times larger for the former if
we assume the net total magnetization is 3 times smaller
for the antiferromagnetically coupled state, although the
dominant SOT may be exerted at the bottom Co layer
in contact with the Pt seed layer. We model the system
to study possible mechanisms that can cause such large
enhancement of SOT due to antiferromagnetic IEC.
II. EXPERIMENTAL SETUP
Multilayers composed of Sub./3 Ta/2 Pt/[0.6 Pt/0.9
Co/dIr Ir]3×/2 MgO/1 Ta (units in nanometer) were
grown on Si substrates with SiO2 coating (thickness: 100
nm) using radio frequency magnetron sputtering. The
thickness of the Ir layer (∼0.1 nm≤ dIr ≤∼1.1 nm) was
varied across the substrate using a moving shutter during
the deposition process. Optical lithography and Ar ion
milling were used to form a Hall-bar. Schematic of the
experimental setup and definition of the coordinate axis
are shown in Fig. 1(b). The width of the wire and the
distance between the longitudinal voltage probes are ∼10
µm and ∼25 µm, respectively. DC current (I) was passed
along the x axis. Positive current is defined as current
flow to +x. The Hall resistance (Rxy) is obtained by di-
viding the measured Hall voltage (Vxy) with the current
supplied, i.e. Rxy = Vxy/I.
III. RESULTS AND DISCUSSION
A. Film characteristics
Figure 1(a) shows the out-of-plane field (Hz) depen-
dence of the Hall resistance (Rxy) for films with vari-
ous Ir layer thicknesses. In this thickness range (0.1 nm
≤ dIr ≤ 1.1 nm), oscillatory interlayer exchange coupling
is observed: the coupling is either ferromagnetic (F) or
antiferromagnetic (AF). For the films with F coupling,
the hysteresis loops show two stable states correspond-
ing to the three Co layers’ magnetization all pointing
along +z (from top to bottom, the Co layers’ magne-
tization are ↑↑↑) and -z (↓↓↓). For such coupling, the
three Co layers switch together at the same field. In con-
trast, we typically find four stable states for the films
with AF coupling: the four states correspond to two sat-
urated states (↑↑↑ and ↓↓↓) and two intermediate states
with the middle Co layer magnetization pointing against
that of the two neighboring layers (↑↓↑ and ↓↑↓). See
the arrows displayed in Fig. 1(a) for the corresponding
magnetization configuration of the four Rxy states. The
field at which switching between the parallel to antipar-
allel states occurs is defined as HEX, as schematically
defined in Fig. 1(a). Note that the hysteresis loop of the
film with dIr∼1.1 nm indicates that the AF coupling is
in place but weak such that the field range which the
antiparallel states appear is small.
Figure 1(c) shows the Ir layer thickness (dIr) depen-
dence of the anomalous Hall resistance ∆Rxy. ∆Rxy is
defined as the difference of Rxy for the two metastable
states at zero-field, i.e. at remanence. ∆Rxy decreases
with increasing dIr due to current shunting into the Ir
layer. The blue shaded regions in Fig. 1(c) display the Ir
thickness range in which the AF coupled state is stable.
To study the magnetic configuration of the films at re-
manence via the anomalous Hall resistance, we model the
transport properties of the heterostructure assuming cur-
rent flow within the highly conducting Pt, Co and Ir lay-
ers. Current flow into the Ta seed layer, which has a sig-
nificantly larger resistivity than the conducting layers, is
neglected. Note that the MgO/Ta capping layer does not
conduct current (the top Ta layer is oxidized and forms
an insulator). We define the resistivities (thickness) of
the Pt, Co and Ir layers as, ρPt(dPt), ρCo(tCo), ρIr(dIr),
respectively. Assuming a parallel circuit model, ∆Rxy
reads
∆Rxy = tan θAH
ρCo
tCo
(
1 +
ρCodN
ρNtCo
)
−2
(1)
where dN
ρN
≡ dPt
ρPt
+ dIr
ρIr
and θAH is the effective anomalous
Hall angle. We use Eq. (1) to characterize the results of
the films with F- and AF-coupling. Assuming that the
resistivity of the conducting layers is the same for the
films with F- and AF-coupling, the difference in ∆Rxy
between the two can be attributed to the net magneti-
zation along the z axis, which is implicitly included in
θAH. The solid and dotted lines in Fig. 1(c) show the
calculated ∆Rxy, with θAH of the dotted line being 1/3
of that of the solid line. These results are consistent with
the picture that the remanent state of the films with AF
coupling have net magnetization that is one third of that
of the F coupling films.
B. Current induced torque
The current-induced shift of the hysteresis loops
were used to estimate the spin torque efficiency of the
multilayers[29]. A constant bias field directed along the
current flow (Hx) was applied while the Hall resistance
was measured as a function of Hz . Figure 2(a) shows
exemplary Rxy-Hz loops for a film with AF coupling
(dIr ∼0.4 nm) when positive and negative currents were
applied under a bias field Hx∼1 T. The two metastable
states at zero field represent the antiferromagnetically
coupled states ↑↓↑ and ↓↑↓. When positive (negative)
current is applied, the center of the hysteresis loop shifts
to positive (negative) Hz. The shift of the loop center
with respect to Hz=0 is defined as −H
z
eff [29]. In the AF
coupled films, we note that the current-induced shift of
the hysteresis loops is nearly zero for the switching be-
tween the saturated states and the antiparallel states,
i.e. transitions from ↑↑↑ to ↑↓↑ states, ↓↓↓ to ↓↑↓ states,
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FIG. 1. (a) Hall resistance (Rxy) plotted as a function of out of plane field Hz. From left to right: the thickness of the Ir
layer (dIr) is varied as indicated above each panel. The arrows in the gray box indicate the corresponding magnetization state
of Rxy : the top, middle and bottom arrows represent the magnetization direction of the top, middle and bottom Co layers in
the multilayer. Definitions of ∆Rxy and HEX are sketched. (b) Schematic illustration of the film stacking, Hall bar and the
measurement setup. The coordinate axis employed is sketched. (c) The anomalous Hall resistance (∆Rxy) at zero field plotted
as a function of Ir layer thickness. The solid and dotted lines show the calculated ∆Rxy using Eq. (1). The parameters used
are: ρCo = 35 µΩcm, ρPt = 40 µΩcm, ρIr = 15 µΩcm[27, 28]. θAH ∼ 0.1 for the solid line and θAH ∼ 0.033 for the dotted line.
The blue shaded regions represent states with antiferromagnetic coupling.
and vice versa. Note that these switching takes place
at larger |Hz | compared to that between the antiparallel
states (↑↓↑ to ↓↑↓ and vice versa). We therefore focus on
the switching between the ↑↓↑ and the ↓↑↓ states.
Figure 2(b) shows the current density (J) dependence
of Hzeff for films with AF coupling (dIr ∼0.4 nm) and F
coupling (dIr ∼0.3 nm). The in-plane bias field was set
to Hx∼1 T for the former and Hx∼0.15 T for the latter.
J is obtained by dividing the current (I) with the width
of the wire and the total thickness of the conducting Pt,
Co and Ir layers: although the resistivities of the Pt,
Co and Ir layers are different, we assume a uniform cur-
rent flow within these layers for simplicity. As evident in
Fig. 2(b), Hzeff increases linearly with J for the film with
F coupling (open squares). In contrast, for the film with
AF coupling (solid circles), Hzeff increases abruptly above
a threshold current density of J ∼ 1.3 × 1011 A/m2. To
obtain the spin torque efficiency, it is customary to di-
vide Hzeff with J [29]. Figure 2(c) displays H
z
eff/J as a
function of J . Hzeff/J is constant for all J for the film
with F coupling (open squares) whereas it saturates at
J ∼ 2.1×1011 A/m2 for the film with AF coupling (solid
circles). Interestingly, the saturated value of Hzeff/J for
the latter (film with AF coupling) is significantly larger
than the constant Hzeff/J of the former (F coupling).
As the in-plane bias field (Hx) applied during the
hysteresis loop measurements is different for the films
with F and AF couplings, we study the Hx depen-
dence of Hzeff/J . For single magnetic layer films (e.g.
NM/FM bilayers), it is known that Hzeff/J takes a con-
stant value when the magnitude of Hx is larger than
that of the Dzyaloshinskii-Moriya (DM) exchange field
HDM: the constant H
z
eff/J for |Hx| > |HDM| is propor-
tional to the spin torque efficiency ξDL[29]. This is also
the case for films with multiple magnetic layers coupled
ferromagnetically[28]. For multilayer films with AF cou-
pling, here we show in Fig. 2(d) Hzeff/J vs J obtained
using different Hx for the film with dIr ∼ 0.4 nm. Al-
though values of Hzeff/J varies with Hx when J is smaller
than the threshold current density, the saturated value
of Hzeff/J (above J ∼ 2× 10
11 A/m2) is almost the same
within the applied field (Hx) range. We thus take the
Hzeff/J upon saturation, defined as h
z
eff hereafter, as a
measure of the spin torque efficiency for the films with
AF coupling. For the films with F coupling, we assign
hzeff as the constant H
z
eff/J when |Hx| > |HDM|.
Note that the current-induced shift of the hysteresis
loops for the films with AF coupling becomes near zero
when Hx∼0.4 T, suggesting that HDM lies between 0.4
T and 0.8 T (dIr ∼ 0.4 nm). This is significantly larger
than the HDM of the multilayer films with F coupling re-
ported previously (HDM ∼ 0.08 T)[28]. For the films with
AF coupling, we consider the field Hx required to cause
saturation of Hzeff/J , which has been assigned as HDM
previously, is related to the emergence of IEC. Experi-
mentally, such saturation field correspond to Hx needed
to align the magnetization direction of all domain walls.
If IEC is present in the system, the exchange coupling
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FIG. 2. (a) The Hall resistance (Rxy) vs. Hz when DC current
of 14 mA (black squares) or -14 mA (red circles) is applied to
the Hall bar made from a film with dIr ∼ 0.4 nm. A constant
in-plane field (Hx ∼ 1 T) along the x-axis is applied during
the measurements. Definition of Hzeff and the magnetic con-
figuration of the multilayer near zero field are schematically
illustrated. (b) The current density (J) dependence of Hzeff
for dIr ∼ 0.3 nm (ferromagnetic coupling, open black squares)
and dIr ∼ 0.4 nm (antiferromagnetic coupling, solid red cir-
cles). A linear fit to the data with dIr ∼ 0.3 nm is shown
by the black solid line. The threshold current density for the
antiferromagnetically coupled state is schematically sketched
using the red arrow. The applied Hx is noted in the legend.
(c) Hzeff/J vs J obtained from (b). (d) H
z
eff/J vs J for the
film with dIr ∼ 0.4 nm. Hx is varied as denoted. The error
bars in (b) represent standard deviation of repeated measure-
ments of Hzeff and those in (c) are the errors carried over from
(b). Similar definition also applies to the error bars in (d).
field HEX acts on the domain walls, and thus it will take
extra field to align their magnetization direction along
Hx. As HEX is ∼ 0.6 T to ∼ 0.7 T, it is likely that the
saturation field is dominated by HEX.
The Ir layer thickness dependence of hzeff is plotted in
Fig. 3(a). The average hzeff for films with F (AF) coupling
is ∼1.5 mT (∼25 mT) per current density of 1011 A/m2.
To convert hzeff to the spin torque efficiency (ξDL), we use
the relation (for Hx > 0)
ξDL = −
4eMefftF
pi~
hzeff , (2)
where e(> 0) is the electric charge, ~ is the reduced
Planck constant, and tF is the total thickness of the mag-
netic layers. Meff is the effective saturation magnetiza-
tion of the system. Since the net magnetic moment of
the films with AF coupling is one third of that of the
films with F coupling, we substitute Meff = MS/3 for
the former and Meff = MS for the latter in Eq. (2). MS
is the saturation magnetization of the Co layer which is
estimated using magnetometry measurements. As MS
slightly varies with dIr[28], we interpolate the data to ob-
tain theMS for the Hall bars studied here. Note that the
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FIG. 3. (a) The saturation value of Hzeff/J for films with AF
coupling, and the constant value of Hzeff/J for the films with F
coupling, both denoted as hzeff , plotted as a function of the Ir
layer thickness dIr. (b) dIr dependence of the spin torque effi-
ciency ξDL. The blue shaded regions in (a,b) represent states
with antiferromagnetic coupling. The average values of hzeff
and ξDL for the ferromagnetic and antiferromagnetic coupled
states are shown by the horizontal broken lines. The error
bars are associated with the standard deviation of repeated
measurements of Hzeff . For the films with AF coupling, the
error bars are obtained from Hzeff/J upon saturation.
dominant SOT likely takes place at the bottom Co layer
which is in contact with the relatively thick Pt seed layer.
It is not obvious if the spin current impinging on the bot-
tom Co layer will see a three times reduced magnetization
when the three Co layers are coupled antiferromagneti-
cally. The use of Meff = MS/3 for the films with AF
coupling thus remains as an issue that need to be ad-
dressed. ξDL is plotted as a function of dIr in Fig. 3(b).
As evident, ξDL for the films with AF coupling is nearly
five times larger than that of the films with F coupling,
reaching a value of ∼0.5.
C. Model calculations
Previously it has been reported that the spin torque ef-
ficiency can be enhanced by using antiferromagnetically
coupled magnetic layers[20, 22]. In particular, similar
value of Hzeff/J was reported in a completely compen-
sated synthetic antiferromagnet, which was associated
with the nearly zero net magnetic moment[22]. Here we
find that the spin torque efficiency (ξDL) is large even
though the net magnetic moment is not zero. To account
for these results, we study the effect of the so-called ex-
change coupling torque[20, 25] on ξDL.
We first consider a NM/FM bilayer to which both the
SOT and the external magnetic field are applied. Dy-
namics of the magnetization can be described using the
Landau-Lifshitz-Gilbert equation:
dm
dt
= −γm×HEFF+αm×
dm
dt
− γHDLm× (m×p),
(3)
where m is the magnetization unit vector and α is the
Gilbert damping constant of the magnetic layer. γ is the
gyromagnetic ratio, HEFF is the effective magnetic field
that acts on m. The effective field can be expressed as
HEFF = −
1
MS
δE
δm
, where MS and E are the saturation
5magnetization and the total energy of the system. δf
δm
is meant to take the functional derivative of f with m.
The energy density takes the form
E
V
= −MSm ·Hext −Keffm
2
z, (4)
where V is the volume of the magnetic layer,
Keff =
1
2MSHK0 is the uniaxial perpendicular mag-
netic anisotropy energy density. HK0 and Hext are the
anisotropy field and the external field, respectively. The
third term on the right hand side of Eq. (3) represents
the spin orbit torque on m. p is a unit vector that rep-
resents the polarization of the spin current that diffuses
into the magnetic layer and HDL is the damping-like spin
orbit effective field. We assume the current flows in the
NM layer along the x axis and generates a spin current
with p = (0,−1, 0) that diffuses into the magnetic layer
(here we set p such that it agrees with the spin Hall effect
of Pt and the stacking order, i.e. FM layer deposited on
NM (Pt) layer).
We look for a solution at equilibrium when the current
is small. At equilibrium, we substitute dm
dt
= 0 in Eq. (3)
to obtain
m× (HEFF +HDLm× p) = 0. (5)
In accordance with experiments, we apply an in-plane
field along the current: Hext = (Hx, 0, 0). For simplicity,
we neglect the z component of the field. Substituting
these parameters into Eq. (5), we obtain


(HK0mz −HDLmx)my
(Hx +HDLmz)mz − (HK0mz −HDLmx)mx
−(Hx +HDLmz)my

 = 0.
(6)
Under application of small current, the magnetization
direction is set by the anisotropy and external fields. m
thus lies in the zx plane, i.e. my ≈ 0. We therefore
substitute my = 0 into Eq. (6) to obtain
(Hx +HDLmz)mz − (HK0mz −HDLmx)mx = 0. (7)
From hereon, we express m using the spherical coordi-
nates, i.e. m = (sin θ cosϕ, sin θ sinϕ, cos θ). (ϕ = 0 for
my = 0.) Without current (HDL = 0), we obtain from
Eq. (7), mx = Hx/HK0. Assuming Hx ≪ HK0, we ob-
tain mx ∼ θ and find
θ(I = 0) ≃
Hx
HK0
. (8)
Under the application of current, we use linear approxi-
mation and drop higher order terms of mx to obtain
θ(I 6= 0) ≃
Hx +HDL
HK0
. (9)
The difference in θ with and without current reads
∆θ ≡ θ(I 6= 0)− θ(I = 0) =
HDL
HK0
. (10)
Experimentally, the spin orbit effective field is evalu-
ated using the following formula.
HexpDL =
∆θ
∂θ
∂Hx
. (11)
Combining Eq. (8), from which we find ∂θ
∂Hx
= 1
HK0
, and
Eqs. (10) and (11), we obtain
HexpDL = HDL, (12)
which is what we expect for the single layer system.
Next we consider two magnetic layers A and B coupled
antiferromagnetically. We assume the spin orbit torque
only acts on layer A. The LLG equations of unit magne-
tization vector mA(B) of layer A (B) are
dmA
dt
=− γmA ×HEFF,A + αAmA ×
dmA
dt
− γHDLmA × (mA × p),
dmB
dt
=− γmB ×HEFF,B + αBmB ×
dmB
dt
,
(13)
where HEFF,l = −
1
Ml
δE
δml
(l = A,B). The total areal
energy density of the system reads
E
S
= −MAHext ·mAtA −MBHext ·mBtB
−Keff,Am
2
AztA −Keff,Bm
2
BztB − JEXmA ·mB,
(14)
where MA(B), HK,A(B), αA(B) and tA(B) represent
the saturation magnetization, the anisotropy field, the
Gilbert damping constant and the thickness of layer A
(B), respectively. The uniaxial perpendicular magnetic
anisotropy energy density of layer A(B) is defined as
Keff,A(B) =
1
2MA(B)HK0,A(B). JEX is the interlayer ex-
change coupling constant and S is the area of interface
between layers A and B. Negative JEX stabilizes anti-
ferromagnetic IEC. Similar to the experimental setup,
we assume the two layers A and B are composed of the
same material with the same thickness. We therefore set
MA =MB =MS, HK0,A = HK0,B = HK0, αA = αB = α
and tA = tB = t. We define the exchange coupling field
HJ ≡ −
JEX
MSt
. (15)
Again, we look for the equilibrium state under small cur-
rent. Substituting dml
dt
= 0 and Hext = (Hx, 0, 0) into
Eq. (13) and using mAy = mBy = 0, we obtain
(Hx −HJmBx +HDLmAz)mAz
= (HK0mAz −HJmBz −HDLmAx)mAx,
(16)
from the first equation of Eq. (13) and
(Hx −HJmAx)mBz = (HK0mBz −HJmAz)mBx, (17)
from the second equation. We express the mag-
netization vectors using spherical coordinates:
6mA = (sin θA cosϕA, sin θA sinϕA, cos θA) and
mB = (sin θB cosϕB , sin θB sinϕB , cos θB). With
Hx ≪ HK0, we drop higher order terms of mAx and
mBx. We assume θA ≪ 1 and, due to the antiferromag-
netic exchange coupling, θB = pi − θ
′
B with θ
′
B ≪ 1.
Substituting these relations into Eqs. (16) and (17), we
obtain the form of polar angle of layers A and B when
the current is turned off (HDL = 0) as
θA(I = 0) ≃
Hx
HK0 + 2HJ
,
θ′B(I = 0) ≃
Hx
HK0 + 2HJ
.
(18)
Turning on the current, we find
θA(I 6= 0) ≃
HxHK0 +HDL(HK0 +HJ)
HK0(HK0 + 2HJ)
,
θ′B(I 6= 0) ≃
HxHK0 −HDLHJ
HK0(HK0 + 2HJ)
.
(19)
The difference in the polar angle with and without cur-
rent therefore reads
∆θA ≡ θA(I 6= 0)− θA(I = 0) =
HK0+HJ
HK0
HDL
HK
,
∆θ′B ≡ θ
′
B(I 6= 0)− θ
′
B(I = 0) = −
HJ
HK0
HDL
HK
,
(20)
where we have defined the effective anisotropy field when
the exchange coupling field is non-zero:
HK ≡ HK0 + 2HJ. (21)
This definition follows from Eqs. (8) and (18). Note
that HK corresponds to the experimentally measured
anisotropy field under the influence of antiferromagnetic
interlayer exchange coupling[30, 31]. (For the films with
F coupling, HJ = 0 and HK = HK0.)
Again, we use Eq. (11) to obtain the spin orbit effective
field:
HexpDL,l =
∆θl
∂θl
∂Hx
, (22)
where HexpDL,l is the spin orbit effective field that acts on
layer l = A,B. From Eq. (18), ∂θ
∂Hx
can be calculated.
Substituting the results and Eq. (20) into Eq. (22), we
obtain
HexpDL,A =
HK0 +HJ
HK0
HDL,
HexpDL,B = −
HJ
HK0
HDL.
(23)
For both layers A and b, HJ increases the spin orbit ef-
fective field[20]. In the limit of HJ → ∞, where the two
layers act as a single FM layer, HexpDL,A and H
exp
DL,B di-
verge. Experimentally, however, what is being probed is
∆θl (l = A,B). In the single layer limit (i.e., NM/FM
bilayer), ∆θ = HDL
HK0
(see Eq. (10)). For two layers
with antiferromagnetic coupling, according to Eq. (20),
∆θA →
HDL
2HK0
and ∆θB → −
HDL
2HK0
as HJ → ∞. Aside
from the factor of 2 in the denominator, which is caused
by the assumption that spin current only acts on layer
A, the two systems return the same results in the limit
of HJ →∞.
Although HexpDL,l (l = A,B) increases with increas-
ing HJ, it should be noted that the effective magnetic
anisotropy field HK also increases with HJ. Thus the
efficiency of the spin orbit effective field, characterized
by ∆θl (l = A,B), does not necessarily increase with
the strength of IEC. As we discuss in the next section,
the spin orbit effective field found in the multilayers with
AF coupling is significantly larger than what we expect
from Eq. (23). Under such circumstance, the efficiency
∆θl (l = A,B) can be significantly larger than the case
without the AF coupling.
D. Evaluation of the exchange coupling torque
These results show that the spin orbit effective field
that acts on the magnetization of each layer increases
with increasing strength of IEC. As the spin current dif-
fuses into layer A in this model, the effective field is al-
ways larger for layer A. We therefore considerHexptDL,A pro-
vides an upper limit of the spin orbit effective field for
the multilayer system. To compare experimental results
with the model calculations, we focus on the relative size
of the spin-orbit effective field (hzeff in the experiments
and HexptDL,A in the model) with and without the antifer-
romagnetic coupling. To estimate the degree of enhance-
ment of the SOT due to the IEC, we first estimate HK0
and HJ . In the Appendix, Fig. 4(b), we show the dIr
dependence of HK measured using transport measure-
ments. For the films with F coupling, HK = HK0 ∼ 1.5
T when dIr ∼ 0.6− 0.9 nm. The reduction of HK for the
thinner Ir films (dIr ∼ 0.1 − 0.2 nm) may be caused by
non-uniform thickness of the Ir layer. The measured HK
for the films with AF coupling is ∼2.6 T (dIr ∼ 0.4 nm)
and ∼2.1 T (dIr ∼ 0.5 nm). Assuming the films with
AF coupling have the same HK0 with that of the F cou-
pling films (HK0 ∼ 1.5 T), we estimate, using Eq. (21),
HJ ∼ 0.55 T (dIr ∼ 0.4 nm) and HJ ∼0.3 T (dIr ∼ 0.5
nm). We may compare these values to what we obtain
from the switching field HEX between the parallel and
antiparallel magnetization states. HEX estimated from
the results shown in Fig. 1 give HEX ∼ 0.7 T (dIr ∼ 0.4
nm) and HEX ∼ 0.6 T (dIr ∼ 0.5 nm). For an antiferro-
magnetically coupled two FM layer system, HEX can be
obtained analytically[31]:
HEX ≈
1
2
(√
H2K0 + 2HK0HJ − (HK0 − 2HJ)
)
. (24)
Although the samples evaluated here consist of three FM
layers coupled antiferromagnetically, we may use Eq. (24)
7as a first order approximation to characterize the experi-
mentally obtained HEX. Substituting HK0 and HEX into
Eq. (24), we obtain HJ ∼ 0.5 T (dIr ∼ 0.4 nm) and ∼0.4
T (dIr ∼ 0.5 nm), which are in good agreement with those
estimated from HK.
Substituting these values (HJ ∼ 0.55 T, HK0 ∼ 1.5 T
for the film with dIr ∼ 0.4 nm, HJ ∼ 0.4 T, HK0 ∼ 1.5
T for the film with dIr ∼ 0.5 nm) into Eq. (23), we find
HexpDL,A ∼ 1.4HDL for dIr ∼ 0.4 nm and H
exp
DL,A ∼ 1.2HDL
for dIr ∼ 0.5 nm. Thus this model itself cannot account
for the factor of 15 increase of Hzeff when the Co layers
are coupled antiferromagnetically. Note that the effective
anisotropy field (Eq. (21)) increases by a factor of ∼1.5
to ∼1.7 when the antiferromagnetic coupling is in place
compared to that without it. Thus the difference in the
experimentally obtained hzeff for films with AF and F
couplings (i.e. a factor of 15) is significantly larger for
what the model predicts (Eq. (20).
We therefore infer that there are other sources of SOT
that may account for the highly efficient SOT acting
on synthetic antiferromagnetic layers. Recent studies
have revealed that SOT may originate from interface
states[32, 33] and spin currents from the ferromagnetic
layer[34–37]. In multilayer systems[38], it has been re-
ported that the SOT increases with the number of repeats
of the unit structure[39, 40]. We infer that the antifer-
romagnetically coupled magnetic states can create spin
dependent electron potential well[41] within the multilay-
ers that influences spin transport and consequently the
SOT[42]. Further investigation, including spin transport
modeling, is required to clarify the origin of the SOT in
multilayers with antiferromagnetically coupled magnetic
layers.
IV. CONCLUSION
In conclusion, we have studied spin orbit torque switch-
ing of antiferromagnetically coupled Pt/Co/Ir multilay-
ers. We use multilayers with three repeats of the unit
structure. The interlayer exchange coupling varies with
the Ir layer thickness. When the Co layers are coupled
antiferromagnetically, the system is an uncompensated
synthetic antiferromagnet (SAF) with the net total mag-
netization three times smaller than that of the multilayer
with ferromagnetic coupling. A relatively thick Pt seed
layer is used as a source of spin current via the spin Hall
effect of Pt. The spin orbit effective field is studied using
current induced shift of the easy axis magnetic hysteresis
loop obtained from the anomalous Hall resistance mea-
surements.
We find the damping-like effective field of the uncom-
pensated SAF is nearly 15 times larger than that of the
multilayers with ferromagnetic coupling. The spin torque
efficiency, which depends on the saturation magnetiza-
tion of the ferromagnetic layer, is ∼5 times larger for the
uncompensated SAF if we consider the net total magne-
tization, which is 3 times smaller for the SAF, is respon-
sible for the SOT. Model calculations show that the anti-
ferromagnetic interlayer exchange coupling can enhance
the SOT. The enhancement is the strongest for the Co
layer that is in contact with the Pt seed layer. However
the enhancement factor is limited to ∼1.2-1.4, which is
considerably smaller than the factor of 15 we find exper-
imentally. We thus infer that there are other effects that
cause the highly efficient SOT for the synthetic antifer-
romagnetic multilayers: for example, the spin dependent
electron potential well that develops for antiferromagnet-
ically coupled magnetic state can influence spin transport
and may generate interface SOT that enhances the over-
all torque.
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Appendix A: Magnetic properties of the multilayers
We use transport measurements to evaluate the
anisotropy field of the multilayers. The longitudinal re-
sistance Rxx of the Hall bar is measured as a function
of in-plane magnetic field Hy orthogonal to the current
flow (along the y axis). Typical plot of Rxx vs. Hy from
a multilayer with antiferromagnetic coupling is shown in
Fig. 4(a). Rxx drops as Hy is increased from zero due to
the spin Hall magnetoresistance (SMR)[43–45]. The field
at which Rxx saturates correspond to the the anisotropy
field HK. The Ir layer thickness dependence of HK is
plotted in Fig. 4(b). The results are similar to those re-
ported in Ref. [31]. Note that the seed layer in this study
is 3 Ta/2 Pt whereas it was 1 Ta/3 Ru in Ref. [31].
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FIG. 4. (a) Longitudinal resistance Rxx plotted as a function
of Hy for a Hall bar made from a film with dIr ∼ 0.4 nm. The
field at which Rxx saturates is defined as HK. (b) The Ir layer
thickness dIr dependence of the anisotropy field HK. The blue
shaded regions in (b) represent states with antiferromagnetic
coupling.
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